Abstract
INTRODUCTION
Dual-stage erbium-doped fiber amplifier (EDFA) have been attracted a lot of researches and scientists around the world due to their advantages having a wideband amplifications within 1530 nm to 1600 nm. These significant advantages lead to enormous bandwidth and consistency in connectivity, thus make an optical fiber communication system to be used widely as a backbone in world telecommunication system. In improving the performance of light amplification, various gain medium materials such as such as Tellurite [1, 2] multi-component Silicate [3, 4] , and Bismuth Oxide based glass [5] have been proposed. However, the gain spectrum of these amplifiers still remains non-uniform with the variation of wavelength. On other hand, researchers also proposed various configurations amplifier [6, 7] which include serial and parallel dual-stage EDFAs. The serial dual-stage EDFA have better gain flatness compare to parallel dual-stage EDFA [8] .
In this paper, we compare the amplifiers performance obtained in single-pass and double-configurations for serial dual-stage EDFA. A silica-based EDFA is demonstrated to operate in C-and L-band regions. The serial dual-stage amplifier employs two pieces of gain medium in single-pass and double-pass configurations. A chirp fiber Bragg grating (CFBG) is incorporated in each stage to allow the doublepass operation. In the design of EDFAs, it is necessary to determine optimization of amplifier parameters such as the optimal fiber length, pumping wavelength, and pumping power, accordingly to obtain a maximum gain or bandwidth of the EDFA. The experimental results are also compared to the simulation results [9] , which are obtained using GainMaster TM software. Insertion losses have been incorporated in the simulation.
EXPERIMENTAL SETUP
The serial dual-stage amplifier in single-pass and doublepass configurations are shown in Figure 1 (a) and (b), which utilizes a Silica-based EDF as a gain medium and CFBG as a reflector. The gain medium is a highly doped fiber with Erbium ion concentration of 2200 ppm, where the length is fixed at 1.5 m and 9 m for C-band and L-band operation, respectively. Two forward pump laser at 1480 nm with optimum output power of 150 mW and 60 mW are deployed in C-band and L-band stages respectively. A wavelength division multiplexed (WDM) coupler is used to combine the pump light with the signal at each stage. Figure 1(a) shows the EDFA employing serial dual-stage EDFs in single-pass configuration. The single-pass amplifier performance was obtained by measuring the amplified signal at the output end of second-stage EDF. The single-pass amplifier performance is then compared to the double-pass amplifier. The doublepass amplifier was obtained by placing the C-band and Lband CFBGs at the each output end of EDF stage as shown in Figure 1(b) . The C-band CFBG is placed midway the two stages to act as a reflector for the C-band EDFA. It reflects C-band signal for double-pass operation and pass-through the L-band signal to be transmitted so that it can be amplified by the second stage of the amplifier. The insertion loss of the WDM couplers is assumed to be 0.9 and 1.8 dB in the C-and L-band spectra, respectively. In this experiment, the gain and noise figure of both EDFAs were characterized from 1520 nm to 1620 nm at 5 nm step size using a tunable laser source (TLS) used in conjunction with an optical spectrum analyzer (OSA). The performances of the EDFAs are investigated for two input signal powers: -30dBm and 0dBm. Figure 2 shows the transmission spectra of both CFBGs used in double-pass configuration. As shown in the figure, the C-band CFBG has a reflectivity of more than 90% centered at the wavelength of 1545 nm with a bandwidth of about 40 nm while the L-band CFBG has a reflectivity of more than 98% centered at 1592 nm with a bandwidth of about 50 nm.
Fig -2:
Transmission spectra of the CFBGs for C-and Lband for double-pass configuration.
PUMP POWER AND OPTIMIZATION
First, the optimum pump power is investigated for both Cband and L-band EDFAs. Figures 3 (a) and (b) show the gain and noise figure characteristics of the single-pass and double-pass amplifiers against pump power for the C-band and L-band operations, respectively at both input signal powers of -30 dBm and 0 dBm. In the experiment, the TLS is fixed at 1550 nm (C-band) and 1590 nm (L-band) and the 1480 nm pump power is varied from 20 to 185 mW for both single-pass and double-pass amplifiers. As shown in Figure   3 (a), the small input signal power (-30 dBm) of double-pass amplifier shows the saturated gain occurs when the pump power is increased from 120 mW to 170 mW. For the single-pass amplifier, their small signal gain is saturated as the pump power increase from 80 mW to 170 mW. Both single-pass and double-pass amplifiers share the same behavior where the gain start drop when the pump power increase from 170 mW onwards. At high input signal power (0 dBm), the single-pass and double-pass amplifier gains are increased proportionally to pump power level from 20 mW and saturated at 150 mW. From the observation, the high input signal power requires more pump power level as compared to small signal power in achieving saturation effect and thus an optimum gain performance. As shown in the Figure 3 (b) , the small input power shows the saturated gain occurs when the pump power is increased from 80 mW for single-pass and double-pass amplifiers. At high input signal power, the gain for single-pass and double-pass amplifiers are increased proportionally to pump power level from 20 mW to the maximum limit of 185 mW. It is shown that the threshold pump power is higher in the L-band compared to that of C-band EDFA. This is attributed to the L-band EDFA, which uses a longer length of EDF (9m) and thus a higher power of pump is required to achieve a population inversion in L-band region. As a result, the pump power of 150 mW obtains the most flat gain for C-band and L-band regions. After optimizing the pump power , the combination of pump powers in serial dual-stage is investigated. Figure 4 shows the ASE spectra of serial dual-stage EDFA in single-pass and double-pass configurations at 1480 nm pump power combinations. As shown in this figure, the optimum ASE spectrum is obtained at pump power combination of 150 mW and 60 mW for C-band and L-band pump power respectively, which can translate to flat gain and low noise figure operations for the amplifier. At these optimum pump powers, the lasing action at wavelength within 1560 nm to 1570 nm region is minimum and thus more energy can be converted to gain.
At pump power of 150 mW for both C-band and L-band stages, the EDFA shows the gain suppression at C-band region. By reducing the second-stage pump power up to 60 mW, the gain at C-band region improves and lasing action minimizes. Thus, pump power of 60 mW is appropriate for single-pass and double-pass amplifiers in achieving high ASE with minimum lasing action. On the other hand, the single-pass amplifier can practically be operated within 1555 to 1600 nm due to the higher ASE power. The doublepass EDFA configuration in this experiment is equivalent to the close-loop laser configuration. In addition, the intersection of CFBG transmission power expresses atoms at higher population inversion. Therefore, lasing action is approximately stimulated at 1566 nm especially for dualstage amplifier as shown in Figure 4 . In addition, lasing action also induces from the reflections of fiber splices, or from liner or nonlinear scattering in the optical fiber. This lasing action can be controlled by optimizing the pump power, where the lasing action can be minimized in the dual-stage amplifier. However, lower pump power can reduce the gain amplification.
Fig -4:
ASE spectra of the EDFA in single-pass and doublepass configurations for C-band and L-band operations.
RESULTS AND DISCUSSION
Figures 5 (a) and (b) compare the measured gain and noise figure characteristics between the single-pass (SP) and double-pass (DP) amplifiers. The ASE of single-pass amplifier is also compared with that of the double-pass amplifier. In the experiment, the 1480 nm pump powers are fixed to 150 mW and 60 mW for C-band and L-band stages respectively, while input signal powers are fixed at -30 dBm and 0 dBm. As shown in the figure, wideband operation is achieved in serial double-pass amplifier which operates in wavelength region from 1530 nm to 1600 nm (C-and Lband). However, the single-pass amplifier is successfully operated within 1550 to 1600 nm. The average gain of the double-pass amplifier with input signal power of 0 dBm is maintained at 11 dB within the Cband region with a gain variation of ±0.7 dB. Besides that, within the L-band region the double-pass amplifier shows a slightly higher gain at 12 dB with a gain variation of ±0.9 dB compared to single-pass amplifier. The effect of transition within C-band and L-band regions are caused by different level in gain. The corresponding noise figure is varied within 8 dB to 12 dB. While, the average gain of the single-pass amplifier is approximately 10.5 dB with a gain variation of ±0.6 dB within 1555 to 1600 nm. The singlepass amplifier gain is more flatness compared to doublepass amplifiers with the noise figure varies from 4 to 9 dB. The double-pass amplifier with the input signal power of -30 dBm shows the average optimum flat gain at 22 dB with a gain variation of ±3 dB and the noise figure is varied within 4 to 8 dB. The consequences of progressive absorption in I-25 EDF, the progressive emission of single-pass and doublepass amplifiers have been affected. Therefore, the higher peak gain is induced at 1530 nm.
The EDFA gain spectrum as shown in Figure 5 is produced by two-level system of amplification. Thus, the conventional wavelength spectrum approximately at 1565 nm and long wavelength spectrum from 1610 nm onwards have small ground level absorption corresponding to this laser system. Indeed, as population inversion is decreased, the two-level However, the optimum flat gain of 0 dBm signal input power requires a higher pump powers which is not available in our laboratory during the experiment.
